Fast ripples are EEG transients emanating from epileptic foci, but fast-ripple frequencies far exceed maximal neuronal firing rates. In this issue of Neuron, Menendez de la Prida and coworkers propose that out-of-phase firing of a subpopulation of neurons during physiological ripple activity effectively doubles the ripple frequency to produce fast ripples.
Weary parents looking for ways to optimize the adult:child ratio of energy expenditure are thankful for the invention of the teeter-totter, which couples the oscillations of two jumping children. Suppose a tired parent's eyes close momentarily while the kids are jumping at 1 Hz. The thumping of feet hitting the ground will be heard at 2 Hz because the teeter-totter has coupled the 1 Hz oscillations 1/2 cycle out of phase. In this issue of Neuron, Liset Menendez de la Prida and colleagues (Foffani et al., 2007) query whether similar phase-shifting underlies EEG signals that emanate at twice the neuronal firing frequency from epileptic hippocampi.
Fast ripples are recently discovered transient EEG signals in the 200-600 Hz frequency band (Bragin et al., 1999) . These signals are brief, lasting less than 100 ms, but they have two very interesting features. First, they are only found in epileptic tissue. In fact, fast ripples may represent a specific marker for the area of the brain in which seizures begin (Bragin et al., 2002) . This specificity is important for determining the brain region to be removed in seizure surgery, but also raises the possibility that the network activity that is responsible for these remarkably fast oscillations can help us understand the genesis of seizure activity. Second, the frequency of these oscillations is about twice as fast as the maximum rate at which most neurons in the hippocampus can fire action potentials, which prompted Menendez de la Prida and colleagues to investigate just how the oscillations are generated.
Of course to understand oscillations, it helps to know what is oscillating and where (i.e., what) the states are. In the case of the teeter-totter, it's easy-the kids are oscillating between up and down states. In the brain, fluctuations in the extracellular potential are generally used to define network oscillations in the theta (4-8 Hz) gamma (30-80 Hz) and ripple (100-200 Hz) frequency ranges (Buzsaki and Dragun, 2004) . Rhythms in the theta and gamma bands are known to be generated by reciprocal synaptic interactions between interneurons and pyramidal cells (Klausberger et al., 2003) . Synchrony is maintained by inhibitory interneurons that fire and release GABA onto the pyramids with every cycle, thereby coordinating the excitability of the pyramids. Extracellular potentials correlate nicely with intracellular recordings from theta to ripple bands (Buzsaki, 2006) . So for these oscillations, what is oscillating is also clear: the extracellular potentials correlate with neurons transitioning between up and down states.
However, such a correlation between extracellular potentials and the activity of individual neurons is much harder to demonstrate for fast ripples, largely because neurons don't really do much signaling in the 300-600 Hz range. The paucity of high-frequency activity in neuronal recordings is due to a variety of factors, including membrane time constants of 10-30 ms, the scarcity of neurons that fire action potentials and release neurotransmitter at sufficiently high frequencies, and the duration of the effects of neurotransmitter release, generally 10-50 ms for glutamate and GABA-mediated postsynaptic potentials. Consistent with these ideas, Menendez de la Prida and colleagues found no evidence for individual neurons firing at fast-ripple frequencies. So what is oscillating?
This is where the teeter-totter conceptualization comes in handy. In theory, synchronous population oscillations (and the corresponding changes in extracellular potential) could also be generated as a consequence of the out-of-phase activities of two independent oscillators, each operating at half the frequency of the ensemble. Hippocampal pyramidal cells fire short, stereotyped bursts of action potentials at frequencies up to 300 Hz, at least transiently (Kandel and Spencer, 1961) , and some interneurons can sustain frequencies of 400 Hz. If two groups of neurons started firing at 300 Hz with a 1/2 cycle phase difference, or if they all started synchronously and one group fell 1/2 cycle out of phase, then perhaps this could generate a fast ripple. Fast ripples don't last very long, so fast synchronizing synaptic signaling might not be necessary to sustain the rhythm as long as the neurons all had uniform spike frequencies. The initiation of spiking with the requisite precision in large groups of neurons might pose a problem, but hippocampal pyramidal cells have quite a bit of excitatory synaptic coupling between neighboring neurons in area CA3. Additional coupling is formed in the hippocampus as a consequence of axonal sprouting during epileptogenesis (Morimoto et al., 2004) . There is also recent evidence for axon-axon electrical gap junctional connections, although the density of these connections has not yet been determined (Hamzei-Sichani et al., 2007).
Menendez de la Prida and colleagues investigated the mechanisms of fast-ripple generation in hippocampi from rats that were chronically epileptic as a consequence of earlier exposure to lithium-pilocarpine-induced status epilepticus. This is a more realistic model than those in prior studies performed that used normal slices exposed to convulsant ionic concentrations, such as high extracellular potassium and lowered extracellular magnesium (Dzhala and Staley, 2004, Spampanato and Mody, 2007) , conditions that might affect neuronal firing in a way that does not occur in the epileptic brain. Menendez de la Prida and colleagues found that ripples induced in area CA3 in brain slices from normal rats had a single large peak in the power spectrum centered at 250 Hz. In contrast, in slices from epileptic animals, Menendez de la Prida and colleagues found a second large peak in the power of CA3 network oscillations centered around 500 Hz at double the ripple frequency. The power of the fast-ripple band correlated with the degree of cell loss in the epileptic animals. Membrane potential fluctuations due to synaptic activity were larger in the epileptic animals. The intervals between spikes triggered by current injection were more varied in the epileptic animals, perhaps as a consequence of the increased synaptic activity. Consistent with that possibility, when synaptic activity was dampened by AMPA antagonists or positive GABA allosteric modulators, the jitter in spike timing was reduced. Dampening excitatory synaptic activity also selectively blocked the fast ripples.
Menendez de la Prida and colleagues propose that the unreliable spike timing in epileptic hippocampal networks results in out-of-step spiking, and that this is the cause of the fast-ripple activity. Just as the 1/2 cycle phase shift imposed by the teetertotter produces 2 Hz impacts from kids jumping at 1 Hz, late spikes might cause a subpopulation of neurons to fire out of phase. This out-of-phase activity would produce a second component of the normal ripple activity, increasing the power at double the firing frequency of any one neuron. In the epileptic hippocampi, the ripple amplitudes were reduced, supporting the idea that fewer neurons were firing in phase, although the cell loss in the epileptic animals could certainly also contribute to the amplitude reduction. To further support the idea of desynchronized action potentials as a cause of fast ripples, TEA, a potassium channel blocker that reduces the fidelity of action potential timing during repetitive firing, was applied to normal hippocampi. Reduced ripple amplitude and the emergence of higher-frequency components could be demonstrated, although the high-frequency peak was only about 300 Hz.
There are caveats against this interpretation. First, while the TEA did produce a large high-frequency harmonic in the power spectrum, 300 Hz is still within the range of neuronal action potential firing, and thus is quite a long way conceptually from a 500 to 600 Hz fast-ripple frequency. Of course, abnormal synaptic connections formed as a consequence of axon sprouting in epileptic tissue should produce fixed phase lags that interact more consistently to produce high-frequency ripples compared with the variable lags produced by TEA. On the other hand, depending on the anatomical details of cell loss and sprouting, an out-of-phase subpopulation might not be produced in the epileptic network, and this may explain why only about half of human and experimental epileptic subjects exhibit fast ripples.
Second, there is the possibility of destructive interference by out-ofphase oscillators. Spikes and postsynaptic receptor activation induce local transmembrane currents; when there is a lot of such activity at the same time and in the same space, these currents produce the voltage differences across the extracellular resistivity that are measured by extracellular recordings. If the time course of membrane currents resembles a symmetric function such as a sine wave, then adjacent currents that are 1/2 cycle out of phase will cancel. The local current density and extracellular potential would be constant, just as the sum of the positions of two children on a teeter-totter is constant. So, to the extent that local transmembrane currents are symmetric, destructive interference will limit the amplitude of out-of-phase oscillations.
One could argue that trains of action potentials are not symmetric at all, but rather resemble a series of Dirac delta functions ( Figure 1A) . The good news here is that out-of-phase trains of delta functions add with essentially no destructive interference, as we could have predicted from the fact that the impulses of feet hitting the ground add so clearly to double the teetertotter frequency. The bad news is that the power spectrum of a spike train consists of a series of peaks located at frequencies that are discrete multiples of the fundamental interspike frequency. So even without any phase shifting, the power spectrum of a neuron spiking at 250 Hz should have a substantial component at 500 Hz ( Figure 1B ). Our lab is as guilty as anyone else when it comes to the practice of band-pass filtering extracellular recordings to demonstrate that oscillations are occurring in the relevant frequency range. But this filtering just selects a subset of the power spectral peaks-the narrower the pass band, the more closely the filtered fast ripple resembles a pure sine wave (Figure 1C) . The transmembrane currents underlying the action potentials are not delta functions, and these currents are what determine the shape of the extracellular potentials, but even complex waveforms that repeat at regular intervals in time will have power spectral components at regular harmonics of the frequency at which the waveforms repeat.
These signal analysis issues provide additional arguments to support the authors' point that there may not be anything spiking at 500 Hz during a fast ripple. But what is the explanation for the selective increase in fastripple activity in epileptic tissue, and its vulnerability to agents that reduce the efficacy of excitatory synaptic transmission? The acute (Dzhala and Staley, 2004; Spampanato and Mody, 2007) and chronic (Foffani et al., 2007) changes that induce epileptiform activity also increase the probability of polysynaptic activation of CA3 neurons (and TEA probably does as well). Polysynaptic coupling would likely cause some neurons to fire at times that are not even multiples of the ripple period, resulting in an out-of-phase component that will increase the power at the next higher harmonic of the ripple frequency ( Figure 1D ) and should be sensitive to pharmacological reduction in excitatory synaptic transmission. However, power in the fast-ripple band can also be increased by modest changes in the underlying repeating waveforms, without changing the spike frequency. In Figure 1E , the fast-ripple power is increased just as effectively as in Figure 1D simply by adding a small afterhyperpolarization and broadening the action potential waveform, as might occur due to TEA-induced or epilepsy-associated changes in fast repolarizing potassium currents (Bernard et al., 2004) . Because these are extracellular signals, changes in the extracellular milieu as a consequence of the cell loss, gliosis, and changes in extracellular resistivity measured by Menendez de la Prida et al. might also distort the spike waveforms sufficiently to produce an increase in power in the fast-ripple band.
Further testing of the idea that fastripple activity is caused by phase differences in the ripple-frequency firing of subpopulations of neurons could be accomplished by simultaneous recordings from cells in each subpopulation during fast ripples. Only limited numbers of cells can be recorded at one time, so this experiment would only be compelling if neurons with stable phase differences were found; if only in-phase neurons were detected, it would not disprove the existence of an out-of-phase but unrecorded subpopulation of neurons. Optical methods provide the means to record sufficiently large numbers of cells at once, but currently, only voltagedependent dyes have the time resolution to address the phase issues, and signal averaging is still necessary to overcome the signal-to-noise limitations of these dyes. So we may have to wait for the most compelling evidence.
What can fast ripples tell us about epilepsy? The most fundamental anatomical features of acquired epilepsy are cell loss and rewiring, or sprouting. These features represent altered connectivity, although thus far it has been difficult to study the functional consequences of these anatomical alterations on the interictal behavior of epileptic networks. The findings of Menendez de la Prida et al. outline a new means by which to investigate how epileptic circuit changes alter network behavior.
